Cerebrocartography  by Shipp, Stewart
1360 Current Biology 1996, Vol 6 No 11
Primer
Cerebrocartography
Stewart Shipp
The public image of the brain,
dominated by the massive
convolutions of the cerebral
hemispheres, conceals the fact that
the neural tissue of the cortex is very
thin — no more than 3 mm thick — in
comparison to its surface area.
Cartographically minded neurologists
have long been prompted to map our
sensory and volitional capacities over
this skin-like surface.
Although such charts of the
cortical hemispheres have a century-
old pedigree, they are now being
revitalized by modern scanning
techniques: PET (positron emission
tomography) and fMRI (functional
magnetic resonance imaging). Yet the
new technology creates a new
problem, that of devising a common
reference system for the flood of
information. How can the
tomographic precision of scans be
reconciled with the variability of the
brain’s natural landmarks: the
convolutions of its cortical ridges
(gyri) and grooves (sulci) that have
guided past generations of
cerebrocartographers?
Cartesian maps
The format of a traditional
‘stereotactic’ brain atlas is simply a
coordinate system in which arbitrary
anatomical structures are nominated
to define the origin and principal
axes. Figure 1 shows the atlas of the
human brain devised by Jean
Talairach. As brains differ markedly
in their size, one brain is often more
satisfactorily related to another by
marking off distance along these axes
in proportional units rather than
absolute distance; using such a
system all brains can be linearly
scaled to fit within the same
imaginary box. So, stereotaxis is used
to standardize brain scanning data. It
serves two roles: to amalgamate data
across a group of subjects scanned
under identical conditions, and to
provide a global format for the
comparison of results obtained by
studies in different research centres.
Because brains differ so, the
generation of a ‘group mean’ image
helps to establish what is consistent
from one brain to the next. The
detection of motion sensitivity in the
human visual cortex serves as an
example. In addition to the occipital,
primary visual cortex (V1), there is a
smaller focus of activity, situated
(bilaterally) at the junction of the
occipital and temporal lobes. We call
it the human ‘motion area’, V5, after
its presumed homologue in monkeys.
How consistent is its location? In a
comparison of twelve individuals (see
Fig. 2), the stereotactic position of V5
varied by as much as 27 mm in the
left hemisphere and 18 mm in the
right . Although this might exceed
the width of a gyrus, specification of a
range of Talairach atlas coordinates
enables other studies to confirm the
presence of a motion centre within
this general locality.
A second application illustrates
the limitations of stereotaxis. A PET
study of hallucinating schizophrenics
showed, in the group average result, a
number of subcortical activities, but it
revealed virtually no trace of
hallucinatory cortical activity. This
was in fact very misleading. Analysed
individually, all the brains showed
activation of the auditory–linguistic
cortex, matching the patients’ reports
of verbal, auditory hallucination. Loss
of cortical activity from the group
result was due to the idiosyncratic
variability of hallucinogenic sensory
content: these activations were just
too diversely located to reinforce each
other, and so were attenuated by data-
averaging. Now one patient, uniquely,
had macabre visual hallucinations (he
witnessed rolling, disembodied heads
issuing him with lurid commands).
His brain, like no other, showed
activity in regions of the visual cortex.
Given the minimal likelihood of
assembling a group of subjects with
Figure 1
View of the brain with the top half cut away, to
illustrate the Talairach stereotactic convention.
The origin is set at the centre of the midline
anterior commissure (ac), and the horizontal
plane is defined to intersect the anterior and
posterior commissures (ac–pc line). There are
three distinct modes for specifying a location:
(i) absolute position, citing three-dimensional
coordinates in mm; (ii) normalized location,
using a proportional grid system (the maximal
dimensions of the brain in each plane are
subdivided into fractional compartments, as
shown); or (iii) stereotactic position (cited in
PET and fMRI studies), which uses the
coordinates in mm once the image is
transformed to match the shape of the brain
documented by the Talairach atlas. Unlike the
proportional grid, the transformation may be
non-linear, to fit the Talairach template exactly.
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identical imagery, this is but one of
many brain phenomena that can be
studied only on an individual basis.
Stereotaxis is of limited assistance
for the study of individuals. Brain
variability is so great that no focus of
visual hallucinatory activity could
ever unequivocally be identified as
V5 (or any other area) by virtue of its
stereotactic position alone: extra
criteria are necessary. This, then, is
the essence of cerebrocartography —
the integration of multiple criteria to
define a patchwork of discrete areas
over the cortical surface. 
What is an area?
An ‘area’ of the cortex is not a
succinct concept. The key idea is
that an area should embody some
‘unit’ of function that is distinct from
the immediately neighbouring
cortex. The mechanisms of cortical
function, and its parcellation, are
imprecisely understood, but V5 gives
a good example of the general idea.
The area is held to provide a motion
map, representing the direction of
movement at each point in the visual
field. Other areas may perform
related roles, without exactly
replicating the properties of V5. 
The idea that discrete areas should
subserve one characteristic function
has powered most of this century’s
cortical research (by its proponents
and antagonists alike). Even in the
absence of functional studies,
functional localization has often been
inferred from the observation of
anatomical differences. The whole
field of cortical architectonics has
sprung from this belief, epitomized by
such pioneers as Brodmann, who
spoke of his numbered areas as the
“organs” of the cortex. 
Brodmann’s cytoarchitectonic
map (detailing cellular size, density
and lamination) is still with us today,
despite being technically bettered by
its successors. All such maps depict
individual brains, the labelled
cytoarchitectonic fields being
referenced to named gyri and sulci.
Naturally they vary, but there are a
number of consistent relationships
between the architectonics of the
cortex and its pattern of gyrification.
For instance, the central sulcus
demarcates the frontal motor cortex,
which is ‘agranular’ (lacking the
small, tightly packed cells that make
up layer 4), from the postcentral
somatosensory areas, in which a
granular layer 4 is prominent.
The correlation between structure
and function that operationally
defines discrete areas of cortex is far
easier to ascertain in non-human
primates. The motion area V5/MT in
the macaque monkey is defined by
the correlation of a region containing
abundant direction-selective neurons
with two anatomical landmarks: the
presence of a dense patch of
myelination and a connection from
V1. The coincidence of all three
factors can be demonstrated in a
single primate brain. 
In man, it is more problematic.
Architectonic observations, derived
from post-mortem histology, can only
be cross-referenced to scanning data
obtained in other, living, brains, and
cortical connectivities cannot be
ascertained at all, for the requisite
anatomical procedures are ethically
precluded. So human V5, localized by
PET, cannot be directly determined
to receive input from V1, and it can
only be related to cortical
architectonics by virtue of the
consistency of its gyral position, just
posterior to the ascending portion of
the inferior temporal sulcus. This
region has long been known to be
densely and precociously myelinated;
the inference of a link to primate area
V5 is comparatively recent.
Much of the labour of defining
human cortical areas might be saved if
those already identified in lower
primates could be readily
extrapolated to humans. But, for
example, V5 is invariably buried
within the superior temporal sulcus of
the macaque monkey, whereas in man
it is at least one gyrus away from the
sulcus that shares the same name,
being found in association with the
inferior temporal sulcus. Although the
pattern of monkey sulci is relatively
rigid, the human cortex has a surface
area that is at least ten-fold larger, and
more variably folded. Homologous
relationships cannot, in general, be
certified by position alone.
The problems of brain-to-brain
comparison are lessened by fMRI
which, being less invasive than PET,
allows multiple scans of the same
subject. Like PET, fMRI monitors
cortical activity via its bloodflow (it
measures the ratio of oxy- to deoxy-
haemoglobin), but it allows easier co-
registration to structural MRI images
of the same brain in the same
scanner. One notable application has
been the use of fMRI to chart
multiple maps of the visual field in
the occipital cortex. Potentially, each
map represents a separate visual area.
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Figure 2
Variability in the shape and size of four brains,
and in the location of the motion area V5. PET
monitors cerebral activity by means of blood-
flow, as active regions of the cortex swiftly
increase their local perfusion. The isotope O15
is administered to subjects and, as the
isotope circulates to the brain, the subjects
view a moving visual pattern. By comparison
of the blood-flow in control scans, in which
the presented pattern is static, the parts of
the brain that are specifically activated by
visual motion can be identified. Area V5 is
here selectively highlighted on co-registered
structural MRI images of each hemisphere.
Subsequent scans of the same brain
may characterize these areas by
means of their specific functions.
Even if its resolution of cortical
structure is poor, fMRI can deliver a
comprehensive map of functional
localization for an individual brain.
Adaptive atlases
The fundamental problem of
building a reliable human brain atlas
is that of finding the ‘landmarks’ by
which to register brains of non-
identical shape and gyri. The current
international standards are two
individual brains that have achieved
immense significance by historical
fluke. The Talairach atlas shows the
right hemisphere of a 60-year-old
Frenchwoman, bearing the area
numbers from Brodmann’s diagram
of a single left hemisphere (from an
unspecified subject), and this
elementary translation is universally
propagated by the area numbers that
are tacked on to Talairach
coordinates in the brain-scanning
literature. As well as the fact that it
disregards hemispheric asymmetry,
most researchers recognize that the
arbitrary element in this procedure
should be dispensed with.
The answer is to erect a computer-
based standard that is the geometric
average of many brains. Sophisticated
warping techniques, operating on
voxel (volume element) image data
(PET, fMRI or structural MRI) can
transmute the outline of any one brain
into that of any other, or indeed into
the shape of the ideal standard brain.
Cortical cytoarchitectonics and/or
transmitter receptor densities can be
added to the atlas if the deformations
induced by histological processing are
removed, by mapping such data to
MRI images taken in vivo. A
computer-based atlas will gradually
adapt towards the mean of the
population, as it subsumes increasing
quantities of data. It is probabilistic,
because the variance, of the incoming
data is computed as well as the mean.
Thus, the response to a query about a
given brain region will not provide a
definitive structure–function
relationship but a set of probabilities.
Although the warping procedure
fits all brains into the same exterior
surface, corresponding sulci will not
necessarily superpose, so the variance
at a point in the standard brain will
be greater for the cortex than for
subcortical structures. It is easy to see
how functionally dissimilar sites on
opposite sides of a sulcus may be
transformed to identical coordinates
in the standard three-dimensional
atlas. The warping algorithms might
induce extra deformations to bring
some major sulci into register, but
there are such gross variations in the
minor sulci that any attempt to fit all
brains to an identical pattern is likely
to produce a topological catastrophe.
One solution to this problem
(except in surgical applications) is to
‘eliminate’ the sulci by transforming
the folded cortical sheet into a
smooth two-dimensional surface, to
which a coordinate system can be
applied (Fig. 3). Such a canonical
surface can serve as a standard brain
atlas, being a framework within which
all forms of anatomical and functional
cortical data can be cross-referenced.
Neutralizing the effects of three-
dimensional surface folding should
lessen the variance at each point in
the atlas, exposing more fundamental
aspects — such as individual variation
in the relative size of different cortical
areas — to scrutiny.
In the next millennium, the public
image of the brain may increasingly
resemble an American, or rugby,
football. Hopefully, this does not
mean we shall all become sports mad.
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Figure 3
Derivation of an ellipsoid canonical surface (d) from a cortical balloon (b,c) after inflation from its natural conformation (a). (e) A simple coordinate
system defined by latitude and longitude. (Panels a–d courtesy of M. Sereno; see http://cogsci.ucsd.edu:80/~sereno/movies.html.)
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